Effect of energy intake on nitrogen metabolism in nondialyzed patients with chronic renal failure. Dietary energy requirements were evaluated during 16 studies that were carried out in six clinically stable nondialyzed chrunically uremic patients who lived in a clinical research center and were fed diets providing 45, 35, 25 or 15 kcal/kg/day. Each diet was fed for 23.7 5.7 so days and provided about 0.55 to 0.60 g protein/kg/day. Nitrogen balance after equilibration and adjusted for changes in body urea nitrogen, and change in body weight each correlated directly with energy intake. Correcting for estimated unmeasured nitrogen losses of about 0.58 g/day, nitrogen balance was negative in one of four patients fed 45 kcal/kg/day, one of five patients receiving 35 kcal/kg/day, three of five patients ingesting 25 kcal/kg/day and both patients fed 15 kcai/kg/day. The urea nitrogen appearance (UNA), the UNA divided by nitrogen intake, and several plasma amino acids, determined after an overnight fast, each correlated inversely with dietary energy intake. Resting energy expenditure measured by indirect calorimetry did not differ from normal and averaged 0.012 0.0033 kcalikg/min with the different diets. These observations suggest that although some clinically stable nondialyzed chronically uremic patients ingesting 0,55 to 0.60 g protein/kg/day may maintain nitrogen balance with energy intakes below 30 kcal/kglday, a dietary intake providing approximately 35 kcal/kg/day may be more likely to maintain neutral or positive nitrogen balance, maintain or increase body mass, and reduce net urea generation.
energy intakes in a clinical research center. The effects of varying energy intakes on nitrogen balance, urea nitrogen appearance and anthropometric and biochemical parameters of nutritional status were investigated.
Methods
Sixteen metabolic balance studies were carried out in four men and two women with chronic renal failure who had not received dialysis therapy. Studies were carried out in the Special Diagnostic and Treatment Unit at VA Wadsworth Medical Center and in the Clinical Research Center at Harbor-UCLA Medical Center. The clinical and nutritional characteristics of the patients prior to the initial metabolic balance studies are shown in Table 1 . Causes of renal insufficiency were nephrosclerosis (4 patients), interstitial nephritis (1) and unknown (1) . At the onset of the study, the estimated glomerular filtration rate, calculated from the mean of the creatinine and urea clearances, was 7.8 4.3 5D mI/mm. During the metabolic studies, patients ingested diets providing 45, 35 or 25 kcal/kg/day. In each patient, the order of administration of these diets was determined randomly. In addition, since some patients appeared to maintain or gain weight with 25 kcal/kg/day, two patients were also given diets providing 15 kcal/kg/day. At each level of energy intake, patients were prescribed 0.55 to 0.60 g protein/kg/day. In each patient, special effort was made to maintain the protein intake constant as the energy intake was varied. 29 3 g/day of the dietary protein was of high biological value. The duration of 15 of the dietary studies varied from 19 to 30 days (mean, 24.8 days). During the sixteenth metabolic balance study, Patient 5 left the Clinical Research Center after he had received his fourth diet, which provided 45 kcal/kg/day, for seven days.
Since his nitrogen output appeared to have stabilized during the last three days of study with this diet, his nitrogen balance and urea nitrogen appearance (UNA) data are presented in this paper. However, because anthropometrie values, serum proteins and plasma amino acids may take longer to respond maximally to a change in dietary intake, these latter data are not presented for his 45 kcal/kg/day diet. Diets were supplemented with calcium carbonate to bring total dietary calcium intake (food plus supplement) to 1236 35 mg/day. Patients were given vitamin supplements which provided each day vitamin A 5000 IU, vitamin D 400 IU, vitamin E 15 IU, ascorbic acid 60 mg, thiamin 1.5 mg, riboflavin 1.7 mg, niacin 20 mg, pyridoxine hydrochloride 2 mg, vitamin B12 6 mcg and folic acid 0.4 mg. The intake of water and sodium chloride was varied as clinically indicated to maintain water and salt balance and to control blood pressure; all drinking water was deionized. All patients carried out a prescribed quantity of exercise several times each day on a treadmill or stationary bicycle.
Metabolic balance studies were carried out as previously described [13, 14] . All urine output was collected over 24 hr periods and refrigerated immediately after collection. Urine and feces were each collected in pools, usually of seven days duration. The reported urine nitrogen values are the mean of the daily urine nitrogen excretion measured in both the daily and pooled urine collections. Brilliant blue or carmine red was given to identify the beginning and end of each seven day fecal collection. Duplicate diets (prepared weekly), rejected food, emesis, urine collections and feces were each analyzed for nitrogen. The nitrogen content of ingested medicines was also measured, and the nitrogen received each day from medicine intake was added to the daily nitrogen intake from foods. The amount of blood drawn in the patients averaged 6.7 mllday.
Daily nitrogen balances were calculated as the difference between the measured daily nitrogen intake (minus emesis or rejected food) and the sum of urine and fecal output. Nitrogen balances were adjusted for changes in body urea nitrogen [13] [14] [15] but not for unmeasured losses from skin and integumentary structures, respiration, flatus and blood sampling, UNA, a measure of net urea generation, was calculated according to the following equation (all in g/day) [15]:
Urea nitrogen appearance = urine urea nitrogen + change in body urea nitrogen.
The change in body urea nitrogen was calculated as previously described [15] . Patients underwent serial measurements of relative body weight, triceps, subscapular and mid-thoracic skinfold thickness, and arm muscle circumference as previously described [5] . In brief, relative body weight is the patient's weight multiplied by 100 and divided by the weight of normal individuals of the same age, height and sex. Skinfold thickness was measured with a Lange® calipers. Total body fat was estimated from the triceps, subscapular and supra-iliac midthoracic skinfold thicknesses by the equations of Durnin and Wormersley [16] . Lean body mass was estimated from the difference between body weight and total body fat. Bone-free arm muscle area, an indication of muscle mass, was calculated as described by Frisancho [17] . In each patient, all anthropometric measurements were carried out by the same dietitian.
Energy expenditure was measured by indirect calorimetry at the end of study with each energy intake. A Beckman Metabolic Cart and a mouthpiece were used; the methods have been described in detail elsewhere (manuscript in preparation).
Briefly, the subject was fasted from 8:20 p.m. the night before the study until the energy expenditure test was terminated. The patient did not leave his bed and was instructed to lie quietly from midnight until the test was completed. Before and during the study, the lights in the room were turned off, and care was taken to keep the room quiet. Starting at 7:00 a.m. the patient breathed into the mouthpiece for 40 minutes. A clamp was placed on the nose to prevent nasal breathing, and the examiner observed the patient on a continuing basis to ensure that air did not pass out of the mouth around the mouthpiece. Data collected during the first several minutes of study before equilibration occurred, during or immediately following any movement by the patient, or which deviated significantly from the mean values from the patient were excluded from analysis. For comparison, resting energy expenditure was also measured in 11 normal free living men and women who were eating ad libitum diets.
Blood for laboratory analyses was drawn between 8:00 a.m. and 9:00 a.m. after an overnight fast. Serum total protein and albumin were analyzed by biuret and bromcresol green methods, respectively [14] . Plasma was measured for amino acids with a Beckman 121 MB Amino Acid Analyzer using a lithium buffer system as previously described [18] ; the plasma was first deproteinized with sulfosalicylic acid, 45 mg for 1.0 ml of plasma. The fasting plasma amino acid concentrations were compared to plasma values obtained after an overnight fast from nine normal free living adult controls who were eating ad libitum diets. Urea and creatinine were measured with an Astra Analyzer System (Beckman Instruments, Fullerton, California, USA). Nitrogen was measured by a modified macro-kjeldahl technique [13] .
Statistical analyses were performed with the Student's t test, the paired t test, and linear regression analyses. Variance was expressed as standard deviation. This study was approved by the Human Subjects Protection Committee, and informed consent was obtained from each patient.
Results
The nitrogen balance data and UNA, obtained in the stable period during the last three to 18 days of study with each dietary energy intake, are shown in Table 2 . There were no differences between the dietary nitrogen intake with any of the diets. Neither urine nitrogen nor fecal nitrogen correlated with the energy intake.
Nitrogen balance, adjusted for changes in body urea nitrogen, tended to be more positive with the higher energy intakes.
Unmeasured sources of nitrogen loss such as from skin, exfoliation, hair, sweat, respiration, and toothbrushing are estimated to be about 415 mg/day [19] . The average amount of blood drawn in this study was about 6.7 mI/day which is equivalent to about 160 mg N/day. Thus, total unmeasured nitrogen losses were about 575 mg/day. Subtracting these values from the adjusted nitrogen balances, we estimate that mean nitrogen balance was negative in one of four patients fed 45 kcallkg/day, one of five patients fed 35 kcal/kg/day, three of five individuals fed 25 kcal/kg/day, and both patients ingesting 15 kcallkg/day. Patient 5, who had the lowest resting energy expenditure of any of the patients, 0.009
.0005 kcallkg/min, had the most positive nitrogen balance with each of the energy intakes. His adjusted nitrogen balance with 45 kcal/kg/day was the most positive balance observed in this study (Table 2) . Although he received this diet for only seven days, his daily urine excretion fell during the first five days, and nitrogen balance became more positive with time. The patient's balance for the entire seven day period of study was + 1.67 g/day, while it was + 3.44 g/day for the last three days. These data suggest that his nitrogen balance during the stable period was not an overestimate of true balance.
Nitrogen balance correlated significantly with energy intake (r = 0.505, P C 0.05, Fig. 1 ). if the data from Patient 5 are excluded from the analysis, the correlation between nitrogen balance and energy intake was stronger (Y = 0.037x -0.67, r = 0.682, P C 0.025).
The UNA, measured during the stable period, tended to be lowest with the 45 kcal/kg/day diet and correlated inversely with the energy intake (r = -0.671, P C 0.01, Fig. 2 ). Since there was some variability in dietary protein among the patients, the relationship between the UNA, divided by daily nitrogen intake, and energy intake was also examined. There was, if anything, a stronger inverse correlation between this "fractional UNA" and energy intake (r = -0.736, P C 0.005, a Balance and urea nitrogen appearance data were obtained during stable period which is the time after patients had on each diet.
Numbers refer to the chronological order in which the diets were administered to a given patient. C Refers to the period when nitrogen balance had equilibrated and was no longer changing. ci Refers to measured nitrogen intake minus the nitrogen content of rejected or vomited food. Sum of urine and fecal nitrogen. Indicates nitrogen balance adjusted for changes in body urea nitrogen [13, 151 but not for measured losses. g Significantly different from zero, P < 0.05.
stabilized or equilibrated
Energy intake, kcai/kg/day more with the 15 kcal/kg/day diet as compared to the 35 kcallkg/day intake (P < 0.05), and bone-free arm muscle area fell more with 15 kcallkg/day than with the 25 kcallkglday diet (P < 0.05). There was a significantly more positive increase in both edema free body weight and relative body weight with the 35 and 45 kcaL/kg/day intakes combined as compared to the 15 and 25 kcal/kglday diets taken together. The changes in body weight and relative body weight were each positively correlated with the energy intake (Fig. 4) . On the other hand, serum . S . Fig. 3 ). The mean UNA was significantly lower with the 45 kcallkglday diet than with the 25 kcal/kg/day intake (P < 0.05) or the 25 and 15 kcal/kg/day intakes combined (P < 0.05).
Moreover, the mean UNA with the 45 and 35 kcal/kg/day diets combined were significantly lower than with the 25 and 15 kcallkglday intakes taken together (P < 0.05). There were no other differences in the UNA between the various diet groups.
The anthropometric and serum total protein and albumin measurements are shown in Table 3 . The mean anthropometric values for the six patients combined were not significantly different from normal although Patient 4 had markedly reduced relative body weight, bone-free arm muscle area, skinfold thicknesses and body fat. Despite these abnormalities, the response of this patient's nitrogen balance, UNA, and anthropometric and serum protein measurements to the different energy intakes was similar to the other patients. The changes in anthropometric and serum protein measurements with the different diets are shown in Table 4 . The data were calculated from the values obtained at the termination minus those measured at the onset of each level of energy intake. There was a tendency for the changes in anthropometric values, but not the serum protein concentrations, to be more positive with the 35 and 45 kcallkglday intakes than with the lower two energy diets. Mid-arm circumference decreased Table 3 . Anthropometry and serum proteins at onset of studya The fasting plasma amino acid concentrations obtained at the end of study with each energy intake in the patients and in normal controls are shown in Table 5 . The amino acid levels in the uremic patients, in general, were similar to those previously reported in renal failure [18, 201. In the uremic patients as compared to the controls, there were often decreased plasma concentrations of histidine, isoleucine, leucine, lysine, phenylalanine, threonine, valine, total essential amino acids, tyrosine, ornithine, proline, serine, and the ratios of essential/nonessential amino acids and valine/glycine. The uremic patients also manifested elevated plasma levels of cystine, citrulline, N'-methylhistidine (1-methylhistidine), NTmethylhistidine (3-methylhistidine), and the glycine/serine ratio. For those plasma amino acids that tended to be reduced, the abnormalities were usually more pronounced in the patients ingesting the higher energy intakes than in those fed 15 kcallkg/day. Indeed, there was an inverse correlation between postabsorptive plasma concentrations of several amino acids and the dietary energy intake (Table 5) . This relationship was particularly apparent for essential amino acids, where a significant negative correlation was observed for leucine, phenylalanine, valine, and total essential amino acids (Fig. 5 ). An inverse relation was also observed between both tyrosine and ornithine and the dietary energy intake. Data obtained at the onset of the first diet administered to the patient. ensure that they will be in neutral or positive nitrogen balance and maintain body weight and fat mass. This consideration is based on the observation that, when corrected for estimated unmeasured losses of about 0.58 g N/day, the mean nitrogen balance was slightly negative in three of the four patients fed the 25 kcal/kg/day diet but in only one of the patients fed the 35 or 45 kcal/kg/day intakes. Excluding Patient 5 whose nitrogen balances were outliers, the least squares regression equation for the relation between energy intake and nitrogen balance indicate that at a nitrogen balance of about +0.58 g/day (i.e., zero nitrogen balance if estimated unmeasured losses are subtracted), the energy intake is 34 kcallkg/day.
The value that we selected to indicate neutral balance, +0 .575 g N/day, is based upon our measured volume of blood removed and the studies of Calloway and coworkers in which nitrogen losses from the integument, expiration, toilet paper and other sources that are usually not analyzed were carefully measured [19] . The unmeasured nitrogen losses in chronically uremic patients have never been measured, but could be greater because of their azotemia; in normal individuals, the nitrogen losses through skin are directly correlated with the serum urea levels [19] . On the other hand, chronically uremic patients tend to sweat less than normal [211, and this might reduce dermal nitrogen losses. Uremic patients may also lose more nitrogen from the exhalation of volatile nitrogenous compounds [22] .
It is pertinent that the changes in many of the anthropometric parameters tended to be less negative or more positive with the 35 or 45 kcallkg/day intakes than with 25 or 15 kcallkg/day. Thus body weight increased in four out of five patients fed 35 kcallkglday and in all three patients ingesting 45 kcallkg/day (Table 4, Figure 4 ). In contrast, body weight decreased in two of five patients fed 25 kcal/kg/day and in both patients receiving 15 kcal/kg/day. Not all anthropometric changes tended to be more positive with 35 or 45 kcallkglday, and the change in serum albumin was significantly less positive with 35 kcallkg/day as compared to 25 or 45 kcallkglday. In contrast, the anthropometric changes with 15 kcal/kg/day almost always were most negative.
The resting energy expenditure data are also consistent with the thesis that a daily energy intake of about 30 to 35 kcallkg/day is necessary to maintain neutral balance in most chronically uremic patients. In healthy young men and women with mild to moderate activity, the energy requirement for maintenance is reported to be, respectively, about 1.7 and 1.6 times the basal energy expenditure [23] . If these relationships are also present in our chronically uremic patients who carried out a prescribed amount of exercise each day in the clinical research center, it would suggest that the mean total energy requirement is 29. may be appropriate to recommend lower intakes for those patients with lower energy needs. However, since measurement of energy requirements is not readily available in most clinical settings, it would seem reasonable to recommend an energy intake that allowed for individual variation and ensured neutral or positive balance in virtually all patients.
If patients ingest a greater nitrogen intake, it is possible that the dietary energy requirement for nitrogen balance may be lower. On the other hand, with greater physical activity, a nitrogen intake that is lower or of different composition, or superimposed catabolic illness, the energy requirement may be greater. Also, since protein conservation and nitrogen balance tend to be greater with 45 kcallkg/day, this intake may be preferable for nutritionally depleted patients. It is also important to remember that this study was carried out only in four men and two women who were 49 to 61 years old. More studies are clearly needed to define energy requirements more precisely in both sexes of this age as well as in other age groups.
The nitrogen and energy intakes in this study were determined according to the patient's edema free body weight. This policy was chosen because the body composition of uremic patients can be abnormal, and total body water can be increased even in the absence of edema. It may be difficult to estimate a chronically uremic patient's desirable body weight or lean body mass when his body composition may be altered. Nonetheless, this policy may partly explain why the nitrogen balance data Calculated as the sum of the concentrations of histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine and valine. Calculated as the sum of the concentrations of alanine, arginine, asparagine, aspartic acid, glutamic acid, glutamine, glycine, ornithine, proline, serine, taurine, and citrulline.
d Calculated as the sum of total essential amino acids, total nonessential amino acids, cystine and tyrosine.
Significantly different from normal values: 1P < 0.05, 1P < 0.01, p < 0.001.
Significantly different from 15 kcal/kg/day: 5p < 0.05, P < 0.01.
were so positive in Patient 5; his estimated body fat was approximately twice normal for men [241. Hence, his lean body mass was estimated to be about 60% rather than 80% of body weight. Since the energy requirement is probably related more to lean body mass than to total body weight, this patient may have received a relatively greater dietary energy and protein intake than most of the other patients. Thus, the 15 kcallkglday intake may be equivalent to 20 kcal/kg/day in other patients, and his 45 kcal/kg/day may be equivalent to 56 kcallkg/day in less obese patients. His exceptionally positive nitrogen balance and low UNA may therefore reflect the fact that he received a relatively greater energy and nitrogen intake per kg lean body mass. Also, his energy expenditure would not be as low if it was normalized for lean body mass.
it is puzzling that the resting energy expenditure of our patients did not decrease when they were fed the lower energy intakes. in normal individuals in whom energy intake is varied widely, resting or basal energy expenditure tends to fall when energy intake is reduced [251. ters were affected by energy intake in this study. Thus, there was a strong inverse correlation between energy intake and the UNA and between energy intake and the UNA factored by nitrogen intake (Figures 2 and 3 ). These data provide evidence independent of the nitrogen balance data that increasing energy intake in chronically uremic patients improves protein utilization and reduces net protein catabolism. The tendency for the postabsorptive plasma concentrations of many amino acids to rise as energy intake fell is intriguing (Table 5, Figure 5 ). The cause for this phenomenon, which was observed more frequently with the essential amino acids, is unclear. It may reflect the fact that at the lower energy intakes there was greater net catabolism of protein. This could lead to less incorporation of amino acids into synthesized protein and greater release of amino acids from catabolized protein. Either factor might serve to increase the extracellular amino acid pools.
The results of this study relate to whether the abnormally low energy intakes in clinically stable, nondialyzed chronically 
